Total body bone mineral density was measured by dual energy X-ray absorptiometry in 52 children who were very low birth weight (VLBW) infants without cerebral palsy and mental retardation (postconceptional age, from 10mo to 6y and 6mo). VLBW infants in this study seemed to show compensatory acceleration of total body bone development, catching up with the control group during early childhood. However, in VLBW infants with at least one of the three factors such as total parenteral nutrition for 1week or more, assisted ventilation for 1 week or more, or oxygen therapy for 28d or more in their early stage after birth, adequate mineral supplementation might be especially im portant for long-term bone development. Key Words very low birth weight infants, total body bone mineral density, dual energy X-ray absorptiometry Early after birth, very low birth weight (VLBW) infants are in a bone deficiency state (1-4). Additionally, they tend to develop metabolic bone disease (MBD) (5). For example, it has been reported that bone mineral deficit in the mid-forearm at 40 weeks of postconceptional age is roughly 20% in VLBW infants (6) and 35% in extremely low birth weight infants (7) as compared to that of full term infants at birth. However, long-term bone development after infancy in VLBW infants is unclear in many respects. A few studies in healthy preterm infants previously reported that there were no significant differences in bone mineral contents in the forearm (75 subjects aged 4 to 16y) (8), radius (82 subjects aged 2mo to 12y) (9), or lumbar spine and femur (58 subjects aged 20 to 23y) (10) between VLBW infant groups and normal control children. Moreover, these studies reported bone mineral quantification in local bones. It seems very unlikely that one will be
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Total body bone mineral density was measured by dual energy X-ray absorptiometry in 52 children who were very low birth weight (VLBW) infants without cerebral palsy and mental retardation (postconceptional age, from 10mo to 6y and 6mo). VLBW infants in this study seemed to show compensatory acceleration of total body bone development, catching up with the control group during early childhood. However, in VLBW infants with at least one of the three factors such as total parenteral nutrition for 1week or more, assisted ventilation for 1 week or more, or oxygen therapy for 28d or more in their early stage after birth, adequate mineral supplementation might be especially im portant for long-term bone development. Key Words very low birth weight infants, total body bone mineral density, dual energy X-ray absorptiometry Early after birth, very low birth weight (VLBW) infants are in a bone deficiency state (1) (2) (3) (4) . Additionally, they tend to develop metabolic bone disease (MBD) (5) . For example, it has been reported that bone mineral deficit in the mid-forearm at 40 weeks of postconceptional age is roughly 20% in VLBW infants (6) and 35% in extremely low birth weight infants (7) as compared to that of full term infants at birth. However, long-term bone development after infancy in VLBW infants is unclear in many respects. A few studies in healthy preterm infants previously reported that there were no significant differences in bone mineral contents in the forearm (75 subjects aged 4 to 16y) (8) , radius (82 subjects aged 2mo to 12y) (9), or lumbar spine and femur (58 subjects aged 20 to 23y) (10) between VLBW infant groups and normal control children. Moreover, these studies reported bone mineral quantification in local bones. It seems very unlikely that one will be able to estimate general skeletal changes from the results of local measure ment. We therefore decided to study total body bone development in children who were VLBW infants.
Dual energy X-ray absorptiometry (DXA) (11-13) is excellent in accuracy and reproducibility. Measurement time is short, and the dose of radiation exposure is very low. At present, DXA is the most useful method for the determination of bone mineral density. Total body bone mineral density (TBMD) determined by DXA might be the optimal parameter of bone development in children, because bone development during childhood is not limited to local bones, and the exposure dose is the lowest for the determination of TBMD among various DXA methods (14) . We therefore chose to use DXA in our studies of total body bone development during early childhood in VLBW infants. TBMD was measured by DXA in a VLBW infant group and normal control children, and age-related changes were compared.
Decreased motor ability and inactivity observed in cerebral palsy (CP) and mental retardation (MR) are considered to markedly affect bone development (15, 16) . Because the long-term prognosis of total body bone development in VLBW infants appears to be affected by the presence of neurological sequelae, CP and MR were excluded from this study. Therefore, we hypothesized that healthy VLBW infants without CP and MR would show the same total body bone development as normal control children in long-term prognoses. To prove this hypothesis, we measured total body bone development during early childhood in VLBW infants without CP and MR using DXA, and evaluated the effects of possible risk factors other than neurological sequelae on bone development. Effects on total body bone development were examined for the following factors: sex, birth weight, gestational age, light-for-dates (LFD), total parenteral nutrition (TPN), assisted ventilation, and long-term oxygen therapy. Height and body weight are expressed as Z scores (SD). SD: standard deviation, **significant difference (p<0.001), *significant difference (p=0.029<0.05), N. S.: not significant.
drug administration affecting bone metabolism. The profiles of each group are shown in Table 1 . Height and body weight were expressed as the Z score (SD: standard deviation). All infants were entered into the study after parental informed consent was obtained. All children in the VLBW group were breast-fed during the neonatal period without oral vitamin D supplementation or additional minerals. However, 31 children received formula for low birth weight infants (PRE MILK: Wakodo) in combination with their mother's milk due to poor weight gain from 1mo after birth until the body weight exceeded 2kg. PRE MILK contains 71.4mg calcium (Ca), 51.0mg phosphorus (P) and 510 IU vitamin D per 100cm3. The ratio of PRE MILK to mother's milk gradually increased to a maximum of 1:1. Six children received TPN because enteral alimentation could not be initiated even 1 week after the regression line.
RESULTS
As shown in Table 1 , height and body weight were significantly higher (p=0.001 for both) in the control group as compared to the VLBW group, showing differences in physique. Serum Ca and P levels were similar between the two groups. In both groups the serum Alp level was less than 5 times the upper limit in normal adults. However, Alp was significantly higher in the VLBW group as compared to the control group (p=0.029).
In both groups, TBMD correlated positively with age, showing a linear increase with age (Fig. 1) . The regression equation was y=0.002x(mo)+0.562, r=0.801 (p<0.001) in the VLBW group and y=0.002x(mo)+0.541, r=0.842 (p<0.001) in the control group. The slope of the regression line did not differ significantly between the two groups (p=0.219), suggesting similar degrees of age-related increases.
As shown in Table 3 , TBMD correlated significantly with age in both groups according to each factor. Therefore, the slope of the regression line was compared between the two corresponding groups according to each factor. No significant difference was observed between the two groups in sex (p=0.843), birth weight (p=0.143), gestational age (p=0.089), or LFD (p=0.406). However, significant differences were observed between the two groups in TPN (p=0.033), assisted ventilation (p=0.018), and oxygen therapy (p=0.002). The degree of the age-related increase in TBMD was significantly lower for patients who underwent TPN for 1 week or more, assisted ventilation for 1week or more, or oxygen therapy for 28d or more than in the other group, suggesting a delay in total body bone TPN: total parenteral nutrition, **significant difference (p<0.005), *significant difference (p<0.05), N. S.: not significant.
development.
DISCUSSION
The VLBW group was shorter and of lower weight than the control group. However, no delay in total body bone development was found in the age range evaluated in this study. Our previous study showed distinct positive correlations between TBMD and height, body weight, or age (14) . Based on this previous finding, smaller age-related changes in TBMD would be expected in the VLBW group, whose patients were shorter and of less weight. However, no significant difference was observed between the two groups. On the other hand, the serum Alp level was significantly higher in the VLBW group than in the control group. Serum Alp that is of bone origin, is a marker for bone formation on the membranes of osteoblast-derived matrix vesicles (17) . Although isoenzyme fractionation of Alp was not performed in this study, it is unlikely that the difference in Alp levels between both groups was derived from organs other than bone. This is because all patients were healthy at the time of DXA measurement. The increase in total Alp in the VLBW group suggests acceleration of bone formation. When there are no neurological complications such as CP and MR, VLBW infants who are in a state of bone deficiency immediately after birth seem to show compensatory acceleration of total body bone development, catching up with the normal group during early childhood. Pittard III et al (3) reported that preterm VLBW infants were developing bone matrix much more rapidly than full term infants, catching up with them 4 months after birth. Congdon and Horsman (1) reported that there is a phase of rapid mineral accretion between the corrected age of 40-60 weeks in preterm infants, suggesting compensation of neonatal ossification impairment in this phase. These findings with respect to bone development during infancy may support our results in this study.
In premature infants receiving long-term TPN, rickets of prematurity and multiple fracture are often observed (18) . In this study, TPN was performed while monitoring the serum Ca and P concentrations in all children. However, a delay in total body bone development was observed in the children who underwent TPN for 1 week or more. This strongly suggests that, for infants receiving long-term TPN, mineral supplementation should be actively performed to promote ossification. Prestridge et al (19) increased Ca and P concentrations in the TPN solution early after birth to 1.36 and 1.6-fold over standard values in VLBW infants. They observed continuous increases in the absolute value and the rate of increase of the radial bone mineral content for 2y after the discontinuation of TPN.
Thoracic ossification insufficiency, observed in preterm VLBW infants with MBD, is considered to affect thoracic compliance, including chronic respiratory impairment (5, 20) . However, there is no study on the long-term effects of respira tory impairment on bone development in VLBW infants. A report by Greer and McCormick (21) concluded that bronchopulmonary dysplasia (BPD) does not affect ossification in the VLBW group during the first year of life, although the possibility that a more prolonged follow-up period may reveal delayed bone growth in VLBW infants with BPD cannot be denied. In our study, delayed total body bone de velopment during early childhood was associated with assisted ventilation for 1 week or more, and also with oxygen therapy for 28d or more. The former and latter groups included 15 and 22 children, respectively, of whom 14 belonged to both groups. Therefore, any cause of respiratory impairment might lead to reductions in total body bone development. In VLBW infants showing chronic respiratory impairment, long-term water restriction is unavoidable. This also leads to restrictions in caloric intake. Indeed, TPN for 1week or more was provided for 6 infants, of whom 5 required assisted ventilation for 1week or more and oxy gen therapy for 28d or more. Therefore, hyponutrition during treatment for respiratory impairment may have been a cause of the delay in total body bone development.
When extensive medical support such as TPN and assisted ventilation is re quired, immobilization in addition to hyponutrition should be regarded as another factor associated with bone development. In other words, spontaneous movement decreases in VLBW infants with poor general conditions. It is generally known that immobilization causes bone mineral loss (22, 23) . Uhthoff and Jaworski (24) fixed the right foreleg of beagles in a flexed position with a padded shoulder silica cast, then investigated the radiographic and histomorphometric change in volume in the metaphyseal spongiosa in response to immobilization. They reported that spongy bone loss was more marked in young dogs than in older dogs and that bone loss progressed rapidly during the early stage of immobilization. Therefore, immobiliza tion may have contributed to delayed total body bone development in VLBW infants requiring extensive medical support. The 3 risk factors, such as TPN for 1 week or more, assisted ventilation for 1 week or more, or oxygen therapy for 28 d or more, were problems that occurred early after birth, but had long-term ef fects including a delay in total body bone development during early childhood . These factors might have disturbed the ability to catch up in the phase of rapid increase in bone mineral density during early infancy.
Although the degree of age-related increase in TBMD was significantly lower for the children who were VLBW infants with at least one of the 3 risk factors described in this study, they are healthy at present and their neurological development is normal. But, they might have a lower peak bone mass than normal adults when they become adults. They might also be at increased risk for bone fragility or osteoporosis when they reach mid-life or later. Lucas et al (I7) reported that there was delayed height growth even in children with asymptomatic MBD who showed high plasma Alp activity during early infancy. Therefore, even in the absence of CP and MR, VLBW infants with at least one of the 3 risk factors mentioned should be actively treated by vitamin D and mineral supplementation early after birth, considering long-term total body bone development.
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